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Ku in the Cytoplasm Associates with CD40 in
Human B Cells and Translocates into the Nucleus
following Incubation with IL-4 and Anti-CD40 mAb
Introduction
CD40 is a member of the TNF receptor family (Smith et
al., 1994) and is the major costimulatory molecule on B
cells (Grewal and Flavell, 1996). Signal through CD40
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The engagement of the CD40 receptor on human B
cells results in activation of protein tyrosine kinases (PTKs)
Summary and in tyrosine phosphorylation of several intracellular
substrates including Lyn, Syk, PI-3-kinase, PLC-g-2,
CD40 plays a critical role in survival, growth, differenti- p28, Jak3, STAT3, and STAT5 (Banchereau et al., 1994;
ation, and class switching of B lymphocytes. Although Kehry, 1996; Hanissian and Geha, 1997). Although it is
Ku is required for immunoglobulin class switching,
established that PTKs are crucial for the CD40-mediated
how CD40 signal transduction is coupled to Ku is still
B cell functions such as IgCS (Loh et al., 1994), no singleunknown. Here, we show that CD40 directly interacts
PTK has been proven essential for class switching so far.with Ku through the membrane-proximal region of cy-
IgCS typically involves a genetic rearrangement be-toplasmic CD40. Ku was confined to the cytoplasm in
tween the switch region for IgM (Sm) and a downstreamhuman primary B cells, and the engagement of CD40
S region, with excision of the intervening sequences inon the B cells cultured in the presence of IL-4 resulted
the form of circular DNA (Snapper et al., 1997). Thein the dissociation of Ku from CD40, translocation of
selectivity of this process is in part regulated by cyto-Ku into the nucleus, and increase in the activity of
kines and B cell activators through their induction ofDNA-dependent protein kinase. These findings indi-
germline transcription of particular constant heavy (CH)cate that Ku is involved in the CD40 signal transduction
genes and/or the generation of a properly spliced germ-pathway and may play an important role in the CD40-
line CH RNA (Snapper et al., 1997). Although the molecu-mediated events.
lar details of IgCS are unknown, a recent model of IgCS
suggests that DNA double-strand breaks (DSBs) are8 To whom correspondence should be addressed (e-mail: tmorio.ped@
med.tmd.ac.jp). used as an intermediate and Ku protein may stimulate
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the joining of DNA ends produced by ªswitch endo- neither Syk nor PI-3-kinase was present in the GST-
CD40IC precipitates (data not shown). The CD40IC-nucleaseº (Wuerffel et al., 1997). Ku is a heterodimer
composed of Ku70 and Ku80 subunits that binds to associated 70 and 85 kDa proteins were visible by Coo-
massie Brilliant Blue (CBB) staining in a sample preparedDNA DSBs, nicks, gaps, and hairpins in a sequence-
independent manner (Mimori et al., 1986; Morozov et from 2 3 108 BJAB cells (Figure 1B), which prompted
us to perform protein sequencing studies. The CD40IC-al., 1994). Ku bound to dsDNA recruits and activates
the catalytic subunit of DNA-dependent protein kinase associated 70 and 85 kDa proteins from 1 3 109 BJAB
cells were resolved in 9% SDS-PAGE, visualized by(DNA-PKcs), which then phosphorylates a series of pro-
tein factors that are implicated in mediating DNA DSB CBB, digested by V8 protease, and the resultant pep-
tides were separated by HPLC. Direct protein sequenc-repair (Gottlieb and Jackson, 1993; Jeggo et al., 1995).
Both Ku702/2 mice and Ku802/2 mice show impaired B ing of two peptide fragments from the 70 kDa polypep-
tide with automated Edman degradation showed thatand T cell development at an early progenitor stage due
to defective V(D)J recombination. B cells from Ku702/2 sequence of one peptide corresponded to the C-termi-
nal eight amino acids (ALTKHFQD) of Ku70. The N-termi-mice that carried a germline Ig heavy chain (HC) locus
in which the JH region was replaced by a functionally nal amino acid of another peptide was blocked, and
sequencing analysis was not carried out; however, de-rearranged VH(D)JH and Ig l light chain (LC) transgene
produced germline CH transcripts but failed to complete termination of molecular weight of the fragment (519.4)
by ESI-MS revealed that the peptide was acetylatedclass switching, indicating that Ku70 is required for IgCS
(Manis et al., 1998). Similar results were obtained in and corresponded to the N-terminal four amino acids
(SGWE) of Ku70. Microsequencing analysis of two pep-Ku802/2 mice that carried a rearranged Ig HC and LC
transgene (Casellas et al., 1998). These studies strongly tides from the V8 protease-digested 85 kDa protein
has shown that the peptides were derived from Ku80suggest that Ku plays a critical role in the DNA joining
step of IgCS. Furthermore, the augmented nuclear Ku (AIKDSE and IKQLNHFWE) (Figure 1B).
We then evaluated the Ku-CD40IC interaction in Bexpression in murine B cells was demonstrated after
stimulation that promoted IgCS, implying that Ku is in- cells by Western blot analysis with human anti-Ku anti-
serum (OM). Figure 1C demonstrates that GST-CD40ICvolved in a CS-inducing signal event (Zelazowski et al.,
1997). Despite these lines of evidence showing the coprecipitates with Ku from detergent lysates made
from BJAB cells. The interaction was not due to a pecu-involvement of Ku in IgCS, how CD40 signal leads to
activation of Ku remains unsolved. liarity of the B cell line we used, since Ku was detected
in GST-CD40IC precipitates in other EBV-negative B cellIn this study, we provide evidence that cytoplasmic
Ku in B cells is directly associated with the membrane- lines such as DND-39 and Ramos cells (Figure 1C). More
importantly, GST-CD40IC was able to bind Ku in humanproximal region of CD40. We also show that Ku is mainly
expressed in the cytoplasm in human peripheral blood primary B cells (Figure 1C).
(PB) B cells and becomes detectable in the nucleus
after stimulation that promotes IgCS. The same signal Direct and Specific Association
resulted in the detachment of Ku from CD40 and to a between Ku and CD40
marked increase in DNA-PK activity. Possible roles of CD40 is a member of the TNF receptor family protein.
nuclear Ku induced in IL-4/CD40-stimulated primary B Although the TNF receptor superfamily is primarily de-
cells are discussed. fined by common structural motifs in the extracellular
domain, the cytoplasmic domains of the family also
show a distant but significant similarity (Itoh et al., 1991).Results
In order to ask whether the interaction with Ku is a
unique property for the CD40 receptor, we expressed70 and 85 kDa Tyrosine-Phosphorylated Proteins
Interact with the Intracellular Region of CD40 the intracellular regions of two other TNF receptor family
proteins as a form of fusion protein with GST (GST-In an attempt to identify the phosphoproteins that may
play a unique role in CD40-mediated signaling, we pre- CD27IC and GST-CD30IC, Figure 2B) and examined the
potential of the recombinant proteins to associate withpared the intracellular (IC) domain of CD40 (CD40IC) as
a fusion protein with glutathione-S-transferase (GST) Ku in BJAB cells. Figure 2A demonstrates that GST-
CD40IC, not GST-CD27IC or GST-CD30IC, coprecipi-(GST-CD40IC) and precipitated phosphotyrosine-con-
taining molecules with GST-CD40IC. Cell lysates were tates with Ku. The association was direct and was not
through an adapter molecule, because purified DNA-prepared from Epstein-Barr virus (EBV)±negative Burkitt
lymphoma B cells, BJAB, with 1% Brij-97 lysis buffer, free Ku molecules interacted with GST-CD40IC (Figure
2C). The association of Ku with GST-CD40IC was notor with 0.5% NP-40 lysis buffer, precleared with GST-
glutathione beads, and then incubated with GST-CD40IC- through dsDNA, since treatment of GST-CD40IC with
DNaseI and subsequent removal of residual DNA frag-glutathione beads. The precipitate was resolved in SDS-
PAGE and subjected to anti-phosphotyrosine blot. Figure ments with the silica matrix did not affect the GST-
CD40IC-purified Ku interaction (data not shown).1A demonstrates that 70 and 85 kDa polypeptides are
the dominant tyrosine-phosphorylated molecules that We next investigated the CD40-Ku association by co-
precipitation studies. Lysates of BJAB cells were sub-coprecipitate with the GST-CD40IC fusion protein.
We first speculated that the binding molecules were jected to immunoprecipitation with anti-Ku mAb, fol-
lowed by Western blot with anti-CD40 antiserum raisedSyk and PI-3-kinase p85 subunit because of their rela-
tive molecular mass and their involvement in CD40 sig- against the C terminus of the human CD40. This revealed
the presence of CD40 in anti-Ku immunoprecipitatesnaling. Western blot analysis revealed, however, that
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Figure 1. 70 and 85 kDa Polypeptides Asso-
ciated with the Intracellular Domain of CD40
Are Identified as Ku70 and Ku80
(A) The intracellular domain of CD40 associ-
ates with 70 and 85 kDa tyrosine-phosphory-
lated proteins in BJAB cells. Cell lysates pre-
pared in 1% Brij-97 lysis buffer or in 0.5%
NP-40 lysis buffer were precleared with GST
and then precipitated with GST-CD40IC. The
precipitates were resolved in 8% SDS-PAGE
and subjected to anti-phosphotyrosine blot.
Arrows indicate the positions of 70 and 85
kDa tyrosine-phosphorylated proteins and
GST-CD40IC.
(B) Microsequencing analysis and/or molecu-
lar weight determination of 85 (a) and 70 kDa
(b) proteins coprecipitated with GST-CD40IC.
Cell lysates were prepared from 1 3 109 BJAB
cells, precleared with GST, and then incu-
bated with GST-CD40IC. The protein com-
plex was eluted, concentrated, separated in
9% SDS-PAGE, and visualized by CBB stain-
ing. The 70 kDa protein (b) was excised, di-
gested with V8 protease, and separated by
HPLC. Two peptide fragments were analyzed by automated Edman degradation and by ESI-MS. The result of microsequencing analysis of
two peptides from V8 protease-digested 85 kDa protein (a) was also shown. MW, molecular weight; n.t., not tested.
(C) GST-CD40IC coprecipitates with Ku. 1% Brij-97 cell lysates prepared from 5 3 106 BJAB, DND-39, Ramos B cells, or PB B cells were precleared
with GST and then incubated with GST-CD40IC. The precipitates were analyzed by immunoblot with anti-Ku antiserum. Arrows indicate the positions
of Ku70 and Ku80.
but not in control precipitates (Figure 3A). Another TNF lines and examined the presence of Ku in each fraction.
As shown in Figure 3D, Ku was detected in the cyto-receptor family protein, CD95, was not detected in the
anti-Ku immunoprecipitates (Figure 3B). In a different plasm as well as in the nucleus. Cytoplasmic Ku was
estimated to comprise approximately 30%±40% of totalapproach, as shown in Figure 3C, Ku was detected in
anti-CD40 immunoprecipitates but not in anti-CD27 im- Ku in these B cell lines by densitometric analysis. The
CD40-Ku interaction in BJAB cells was also detected bymunoprecipitates. These results suggest that the CD40-
Ku association occurs in vivo. Judging from the amount Western blot in Brij-97 lysates prepared from enucleated
BJAB cells (data not shown). Cell surface expressionof Ku present in anti-CD40 immunoprecipitates, at least
5% of Ku molecules were associated with CD40 in the of Ku was not detectable by FACS analysis or in the
membrane fraction of the cells by immunoblotting (dataB cell line.
Initial studies have shown that Ku is a nuclear DNA- not shown). These data suggest that CD40 is capable
of binding Ku in the cytosol.binding protein; however, recent work has indicated that
Ku is located in the cytoplasm as well and even ex-
pressed on the cell surface (Grawunder et al., 1996; CD40 Interacts with Ku in Its Membrane-Proximal
Lysine- and Proline-Rich RegionTeoh et al., 1998; Tovari et al., 1998). To investigate the
distribution of Ku in B cells, we prepared both cyto- In order to map the Ku-binding site in CD40, we con-
structed several GST-CD40IC mutants in which theplasmic and nuclear extracts from two different B cell
Figure 2. CD40 Specifically and Directly As-
sociates with Ku
(A) The intracellular region of CD27 or that of
CD30 does not bind to Ku. BJAB cell lysates
were precleared with GST and then incubated
with GST, GST-CD40IC, GST-CD30IC, or
GST-CD27IC fusion protein. The precipitates
were probed for the presence of Ku by West-
ern blot with anti-Ku antiserum.
(B) CBB staining of GST, GST-CD40IC, GST-
CD30IC, and GST-CD27IC recombinant pro-
teins. Five times as much of GST-CD30IC as
shown in Figure 2B was used for the precipita-
tion to even out the amount of fusion proteins.
(C) CD40 directly interacts with Ku. Purified
Ku protein prepared from Raji cells was incu-
bated with GST beads or with GST-CD40IC
beads. The complexes were washed, sub-
jected to SDS-PAGE, and probed with anti-
Ku antiserum. The positions of Ku70 and
Ku80 are indicated by arrows.
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Figure 3. The CD40-Ku Interaction Is De-
tected by Coprecipitation Studies
(A, B, and C) Brij-97 cell lysates from 5 3
106 BJAB cells were precleared with normal
mouse serum coupled to protein G beads and
then incubated with protein G beads pread-
sorbed with the indicated antibody. The pre-
cipitates were analyzed by immunoblot with
anti-CD40 polyclonal antibody (A), with anti-
CD95 mAb (B), or with a mixture of anti-Ku70
mAb and anti-Ku80 mAb (C). Arrows indicate
the positions of CD40 (A), CD95 (B), and Ku
(C). Whole cell lysates (WCL) prepared from
5 3 106 cells (A) or 5 3 105 cells (B and C)
were loaded in the left lane. 1% of WCL was
loaded to make a rough estimate of the per-
centage of CD40 associated with Ku (A). Each
blot was exposed for different time periods.
HC, immunoglobulin heavy chain. (D) Cyto-
plasmic as well as nuclear protein extracts
prepared from 1 3 106 BJAB cells or from
DND-39 B cells were loaded and subjected
to anti-Ku immunoblot. N, nucleus; C, cyto-
plasm.
C-terminal region was sequentially deleted as shown in Nuclear Expression of Ku Is Upregulated in Human
Primary B Cells upon SimulationFigures 4A and examined the potential of the recombi-
nant proteins (Figure 4B) to associate with Ku in BJAB that Induces IgCS
Conflicting data have been reported as to the nuclearcells. Figure 4C demonstrates that the amount of Ku
recovered in the precipitates with each construct is simi- expression of Ku in primary B cells. One group has
shown, with electrophoretic mobility shift assay (EMSA),lar, and the N-terminal region consisting of 14 amino
acids of CD40IC, which has no homology with the intra- that nuclear expression of Ku was minimal in murine
resting B cells but was markedly upregulated when thecellular domain of other TNF receptor family, retains
binding capacity to Ku. The first half of the region cells were cultured with Dextran-anti-IgD or with IL-4/
anti-CD40 mAb combination before IgCS (Zelazowski(KKVAKK) is rich in lysine, while the C-terminal portion
(PTNKAPHP) has a proline-rich box 1 motif that is critical et al., 1997). Others have shown high-level nuclear Ku
expression in unstimulated human B cells by EMSA uti-for stable association of Jak kinase with cytokine recep-
tors (Hanissian and Geha, 1997). To further map the lizing identical amounts of whole cell extracts (Muller et
al., 1998). To investigate the nuclear expression of Ku insite of association, we generated three additional GST-
CD40IC deletion mutants with a deletion of the entire human B cells before and after stimulation that induces
IgCS, we employed an EMSA assay in which Ku can be14 amino acids, the six N-terminal residues, or the eight
C-terminal residues (Figures 4D and 4E). Figure 4F dem- specifically detected through its capacity to bind to the
end of the dsDNA fragments. Purified human primary Bonstrates that both the N-terminal and the C-terminal
regions of the 14 amino acid fragment are necessary cells (5 3 105) were incubated with IL-4 (20 ng/ml), anti-
CD40 mAb (G28-5, 1 mg/ml), or with both of the reagentsfor the interaction with Ku.
Figure 4. CD40 Interacts with Ku at Its Mem-
brane-Proximal Region
(A and D) Schematic presentation of the GST-
CD40IC deletion mutants. The construct A
in (A) has four amino acids derived from the
vector sequence in addition to the entire
CD40IC.
(B and E) CBB staining of the GST-CD40IC
deletion mutants. GST-CD40IC in which the
C-terminal region was sequentially deleted
were constructed and checked for their purity
in 10% SDS-PAGE.
(C and F) Cell lysates prepared from 1 3 107
BJAB cells were precleared with GST and
subsequently incubated with GST, GST-
CD40IC, or with the GST-CD40IC deletion
mutants shown in (A), (B), (D), and (E). The
interaction with Ku was examined by anti-Ku
immunoblot.
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Figure 5. Nuclear Ku Expression Is Induced
in Human PB B Cells Incubated with IL-4 and
Anti-CD40
(A and B) Human B cells were stimulated at
5 3 105 cells/ml with IL-4 (20 ng/ml), anti-
CD40 mAb (G28-5, 1 mg/ml), or with both of
the reagents. DND-39 B cells were plated at
1.5 3 105 cells/ml and stimulated in the same
condition. Nuclear extracts were prepared
from B cells 72 hr after initiation of culture,
from freshly isolated B cells, or from unstimu-
lated PB T cells. EMSA assay was performed
as described in the Experimental Procedures.
All lanes contained 0.2 mg of nuclear extract
(except the far left lane of [B]), 50,000 cpm of
32P-labeled probe, and 800 ng of nonspecific
competitor. NE, nuclear extract.
for 72 hr. More than 90% of the cells were alive at the not be completely ascribed to the increase of total Ku,
since the amount of total Ku was only slightly augmentedend of culture judging from trypan blue dye exclusion
and from propidium iodide staining. Nuclear extracts (z30 %) at the end of the culture (Figure 6A). The nuclear
were prepared from freshly isolated B cells and from
the B cells cultured for 72 hr. Figure 5A demonstrates
that Ku is barely detectable in the nucleus of freshly
isolated B cells. IL-4 or anti-CD40 by itself had no signifi-
cant effect on a nuclear localization of Ku; however,
the combination of IL-4 and anti-CD40 led to a marked
increase of Ku in the nucleus. Similar results were ob-
tained in six independent experiments. A time course
experiment revealed that nuclear Ku became detectable
24 hr after stimulation (data not shown). In contrast to
PB B cells, significant baseline level of nuclear Ku ex-
pression was detected in DND-39 B cells (Figure 5A) as
well as in unstimulated PB T cells (Figure 5B). A small
augmentation of Ku expression was detected in DND-
39 B cells after incubation with IL-4 1 anti-CD40 mAb.
In our EMSA experiment, one major complex and at
least two more minor complexes of different mobility
were observed, which is in concordance with previous
observations (Muller et al., 1998). The specificity of these
bands was confirmed by competition with AluI-digested
pUC18 plasmid and by supershift of the retarded bands
Figure 6. Ku Dissociates from CD40 and Translocates into the Nu-with anti-Ku mAbs but not with control Ab. These results
cleus upon Stimulation that Induces IgCSindicate that, similar to murine B cells, nuclear expres-
(A) The localization of Ku in unstimulated PB B cells and in the Bsion of Ku in human B cells is negligible and is strongly
cells cultured in the presence of IL-4 or IL-4 1 anti-CD40 mAb.upregulated by incubation with IL-4 1 anti-CD40.
The level of Ku protein was assessed by Western blot with anti-
In order to determine whether the expression of nu- Ku antiserum in cytoplasmic, nuclear, and whole-cell extracts from
clear Ku is induced upon stimulation or the stimulation unstimulated or activated B cells. One representative datum from
six comparable experiments is shown.induces translocation of cytoplasmic Ku into the nu-
(B) Ku fails to associate with CD40 in B cells following stimulationcleus, we directly compared the amount of Ku antigen
that induces IgCS. Membrane/cytoplasmic protein extracts werein the cytoplasmic and the nuclear fraction of B cells by
prepared from enucleated B cells before and after the stimulationWestern blot. Figure 6A is one representative datum out
with IL-4 and/or anti-CD40 mAb (G28-5) and then were immunopre-
of six independent experiments. Ku was present in the cipitated with another anti-CD40 mAb, 626.1. The presence of Ku
cytoplasm of unstimulated B cells, and cytoplasmic ex- in anti-CD40 precipitates was examined by anti-Ku immunoblot.
Protein extracts (supernatants) were recovered following anti-CD40pression of Ku was diminished in B cells cultured in the
precipitation and subsequently immunoprecipitated with a saturat-presence of IL-4 and anti-CD40 mAb for 72 hr. Ku was
ing amount of anti-Ku mAb mixture. The presence of Ku, which didundetectable in the nucleus of resting B cells. IL-4 or
not bind CD40, in the membrane/cytoplasmic fraction was assessedanti-CD40 showed minimal effect on nuclear Ku expres-
by immunoblotting with anti-Ku antiserum (right half of the blot). One
sion, whereas a considerable amount of Ku became representative blot out of six independent experiments is shown. A
detectable in the nucleus after costimulation with IL-4/ similar result was obtained when soluble CD40L was used for cross-
linking CD40.anti-CD40. This enhanced nuclear Ku expression could
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Ku became detectable as early as 24 hr after the initia-
tion of the stimulation. The average of five independent
time course experiments showed that the level of cyto-
plasmic Ku decreased by 22 6 5%, 37 6 16%, and 57 6
21% (mean 6 SD) at 24, 48, and 72 hr after stimulation,
respectively. Whereas, expression of nuclear Ku in-
creased to 21 6 8%, 49 6 14%, and 88 6 6% at 24,
48, and 72 hr after the stimulation, respectively. The
expression of Ku in whole cells increased by 5 6 2%,
11 6 5%, and 32 6 7% at the respective time points
(data not shown). We defined the baseline Ku expression
level in whole cell extracts as 100%. These data favor
the hypothesis that the translocation of Ku results in
increased nuclear Ku expression.
Ku Dissociates from CD40 following the Stimulation
that Induces IgCS
Approximately 27% of Ku was present in the complex
Figure 7. DNA-PK Activity Is Upregulated in PB B Cells Treated withwith CD40 in Brij-97 whole cell lysates prepared from
IL-4/Anti-CD40
unstimulated normal B cells. This result suggests, to-
(A) DNA-PK activity was measured by a DNA-PK pulldown method
gether with the fact that Ku is an abundant protein, that in PB B cells incubated with IL-4 and/or anti-CD40 mAb for 72 hr
a significant proportion of the CD40 receptor associates or in unstimulated PB T cells. The activity is indicated as the mean
with Ku. Then, we attempted to gain an insight into the from five independent experiments. Error bars show SD.
(B) DNA-PKcs stays inside the nucleus of B cells before (A) andeffect of switch-promoting signal on the CD40-cyto-
after stimulation with IL-4 (B), anti-CD40 (C), or with IL-4 1 anti-CD40plasmic Ku interaction in B cells. To that end, we purified
(D). The expression of DNA-PKcs was assessed by immunoblottingthe membrane/cytoplasmic extract from enucleated hu-
cytoplasmic and nuclear protein extracts with anti-DNA-PK mAb
man primary B cells before and after stimulation, precipi- cocktail.
tated with anti-CD40 mAb 626.1, which recognizes a
different epitope from G28-5 mAb, and checked the
amount of Ku recovered in anti-CD40 precipitates. Fig- the DNA-PK activity of human B cells might be induced
ure 6B demonstrates that anti-CD40 or IL-4 alone pre- when cultured in the IL-4/anti-CD40 system.
serves the interaction, while the combination of the two DNA-PK activity of the nuclear extracts prepared from
reagents resulted in the disruption of the CD40-Ku inter- the B cells was measured as the ability of the kinase
action. The membrane/cytoplasmic extracts were se- capable of binding to dsDNA to phosphorylate wild-
quentially immunoprecipitated, following precipitation type p53 peptide but not mutant p53 peptide. Figure 7A
with anti-CD40 mAb, with a saturating amount of anti- shows the summary of five independent experiments.
Ku mAb, and checked for the quantity of Ku that failed DNA-PK activity was negligible in resting B cells and
to bind CD40. Figure 6B shows that failure of Ku to bind was far less than that of resting T cells on a per cell
CD40 in IL-4/anti-CD40 stimulated B cells is not due to basis (Figure 7A). The activity was slightly augmented
unavailability of Ku in the cytoplasm. A similar result following incubation with IL-4 or with anti-CD40 mAb
was obtained when soluble CD40L was used for CD40 and was greatly enhanced after culture in the presence
ligation. We cannot fully explain the increase of Ku in the of both IL-4 and anti-CD40 mAb. We further analyzed,
nucleus simply by the translocation of CD40-associated by Western blot, the distribution of DNA-PKcs following
Ku, since a fraction (z27%) of Ku was associated with stimulation. Figure 7B demonstrates that DNA-PKcs
the cytoplasmic CD40 prior to the stimulation, and the mainly resides in the nucleus of unstimulated B cells
amount of Ku in the cytoplasm decreased by approxi- and that the protein level remained unchanged after the
mately 60% after the stimulation. stimulation. Ku was expressed exclusively in the cytosol
of unstimulated B cells but became detectable in the
nucleus of IL-4/anti-CD40 stimulated B cells. These find-Culture of Human B Cells in the Presence of IL-4
ings are different from the observation made in T cellsand Anti-CD40 mAb Leads to Upregulation
where Ku was detected predominantly in the nucleusof DNA-PK Activity
before and after the mitogenic stimulation, while DNA-It is now established that Ku plays a role as the DNA-
PKcs translocated from the cytoplasm to the nucleusbinding component of DNA-PK holoenzyme, the cata-
and was activated upon stimulation (Nagasawa et al.,lytic activity of which resides in 470 kDa DNA-PKcs
1997).(Hartley et al., 1995). Study on in vitro cultured B cells
from DNA-PKcs-deficient SCID mice indicates that
DNA-PK is indispensable for the completion of IgCS Discussion
(Rolink et al., 1996). Resting human B cells are reported
to be defective in DNA-PK activity. Therefore, DNA-PK In this study, we have identified Ku as the major protein
associated with the intracellular region of CD40. Thein human B cells should be activated prior to IgCS.
Signals that induce DNA-PK activity in human B cells, capacity to interact with Ku seems to be a unique prop-
erty of the CD40 receptor, since other TNF receptorhowever, are currently unknown. We speculated that
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family proteins such as CD27, CD30, and CD95 failed exert its function. It is not clear, however, whether the
to interact with the Ku70/80 heterodimer. interaction of Ku with CD40 is prerequisite for the nu-
The intracellular region of CD40 provides differential clear translocation of Ku. The association with CD40
binding sites for individual CD40-associated molecules. may be necessary for Ku to be modified by enzymes that
The interaction site for Jak3 was mapped to the mem- are recruited to CD40 upon the receptor engagement.
brane-proximal proline-rich region (222±229) (Hanissian Since nuclear translocation of Ku upon switch-promot-
and Geha, 1997). TRAF6 binds to the N-terminal region ing signal is demonstrated only in primary B cells so
of the CD40 cytoplasmic domain (230±245). TRAF2 and far, further detailed analysis to answer the question will
TRAF3 are recruited to the sequence encompassing require a human B cell line that has a capacity to class
amino acids 247 (250)±266. The region spanning amino switch upon IL-4/anti-CD40 signal. If the cell line retains
acids 230±269 of CD40 is required for the interaction the same characteristics as primary B cells, the bio-
with TRAF5 (Chaudhuri et al., 1997; Pullen et al., 1999). chemical study on the B cell line, in which the Ku-binding
Our study showed that the binding site of CD40 to Ku region-deleted CD8-CD40 chimeric molecules were ex-
is distinct from those for the TRAF2, TRAF3, TRAF5, or pressed, will become a useful tool to address the issue.
TRAF6 but overlaps with the interaction site for Jak3. Although the precise signaling mechanism responsible
The N-terminal half of the mapped association site is for the nuclear translocation of Ku remains to be ex-
rich in lysine, whereas the C-terminal half is the proline- plored, it is noteworthy that, in our study, Ku was de-
rich box 1 region. It is unlikely that the interaction is tected as tyrosine-phosphorylated protein coprecipi-
through dsDNA that may bridge the highly charged ly- tated with GST-CD40IC. The ligation of IL-4R or of the
sine-rich region and Ku, since CD27 or CD30 that also CD40 receptor leads to activation of tyrosine kinases
possesses the highly charged membrane-proximal re- and/or tyrosine phosphatases. One possible scenario
gions (CD27: QRRKYRSNKG, CD30: HRRACRKRIR) fails would be that phosphorylation/dephosphorylation of Ku
to interact with Ku and since both the lysine- and the controls the localization of Ku. Tyrosine phosphorylation
proline-rich regions are absolutely required for the was confirmed by blocking experiment with O-phospho-
CD40-Ku interaction. Furthermore, we observed that pu- tyrosine and by in situ phosphorylation assay that favors
rified Ku interacted with GST-CD40IC in the absence of tyrosine phosphorylation (T. M. et al., unpublished data),
DNA. This strongly suggests that the CD40-Ku interac- whereas previous study by others demonstrated that
tion is specific, direct, and not through DNA. the Ku heterodimer was mainly phosphorylated by
Ku was originally reported as a nuclear DNA-binding DNA-PK on its serine residue (Cao et al., 1994; Jin and
protein. Current studies indicate, however, that localiza- Weaver, 1997). Phosphoamino acid analysis and molec-
tion of Ku is not necessarily confined to the nucleus. It ular weight determination of protease-digested Ku pep-
was demonstrated in electron microscopic immunocy- tides with ESI-MS that are currently in progress in our
tochemical study that the distribution of Ku80 between laboratory will be required to verify tyrosine phosphory-
the cytoplasm and the nucleus was equal in HT-29 hu- lation of Ku in B cells.
man colon carcinoma cells and that the Ku80 translo- The Ku70/80 heterodimer is required for DNA-PKcs
cated from the cytosol to the nucleus upon stimulation to effectively exert its catalytic activity (Gottlieb and
(Tovari et al., 1998). Ku was detectable in the cyto- Jackson, 1993; Hammersten and Chu, 1998; Yumoto et
plasmic fraction of human multiple myeloma cells and al., 1998). DNA-PK was demonstrated to be required for
murine preB cells, and CD40L treatment of the myeloma the completion of IgCS in B cells developed in vitro from
cells shifted Ku from the cytoplasm to the cell membrane SCID mice that harbor a mutation in the DNA-PKcs gene
(Grawunder et al., 1996; Teoh et al., 1998). In these (Rolink et al., 1996). Our study has shown that DNA-PK
studies, Ku was found to be distributed both in the activity in unstimulated B cells is minimal and is greatly
cytoplasm as well as in the nucleus. The results obtained enhanced upon incubation with IL-4 1 anti-CD40 mAb.
from our study with human primary B cells are distinct
This supports the finding that DNA-PK is involved in
in that Ku is confined to the cytoplasmic fraction in the
the Sm-Se switch recombination process. In contrast to
unstimulated B cells. Physiological relevance of virtually
primary T cells, DNA-PKcs was present in the nucleusabsent nuclear Ku remains to be explored. However, this
of unstimulated B cells and remained in the nuclearobservation, together with defective DNA-PK activity in
fraction at the end of the incubation. The absence ofresting B cells, may explain the fact that PB B cells are
nuclear Ku would provide explanation for impaired DNA-much more sensitive to ionizing irradiation than T cells
PK activity in primary B cells. This further suggests that(Schwartz and Gaulden, 1980).
DNA-PK activity of B cells is, at least in part, regulatedThe combination of IL-4 and anti-CD40 led to the in-
by the availability of Ku in the nucleus.duction of nuclear Ku expression in human PB B cells.
Switch fragments are usually detected in human BCytoplasmic Ku in human B cells treated with the combi-
cells after 10 days when cultured with both IL-4 andnation of IL-4 and anti-CD40 mAb failed to interact with
anti-CD40 mAb (Shapira et al., 1992), while in our study,the CD40 expressed in thus-stimulated cells. On the
nuclear Ku was detected as early as 24 hr after theother hand, the same Ku present in the cytoplasm re-
stimulation. What is the role of Ku in the nucleus inducedtained capacity to bind to GST-CD40IC recombinant
upon IL-4 and anti-CD40 stimulation far before switchprotein (data not shown). These findings indicate that
recombination? Current studies show that Ku not onlyIL-4R/CD40 signal contributed to the modification of the
takes part in DSB repair and V(D)J recombination butCD40 receptor, which then led to the detachment of Ku
plays multiple other roles. These include DNA-depen-from CD40.
dent ATPase activity (Cao et al., 1994), DNA helicaseIt is likely that some modification of Ku would be
necessary for Ku to translocate into the nucleus and to activity (Tuteja et al., 1994), transcriptional regulation of
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was generated with an Exsite PCR-based mutagenesis kit (Stra-gene expression in a sequence-specific manner (Mes-
tagene) with two oligonucleotides (59p-CTTCTTGGCCACCTTTTTGsier et al., 1993; Giffin et al., 1996), telomeric length
GATCC-39 and 59-AAGCAGGAACCCCAGGAGATCAAT-39) by usingmaintenance, and telomere silencing (Shore, 1998). One
pGEX-2TK-CD40IC as a template. Sequences of all the constructs
possibility would be that induced Ku serves as a tran- were confirmed by a dye-terminator cycle sequencing method with
scriptional regulator. A recent study has shown that Ku an ABI PRISM 310 genetic analyzer (Perkin Elmer). Expression of
GST fusion proteins were performed as described previously (Hanis-binds specifically to an EBV-responsive enhancer of
sian and Geha, 1997).CD23 (Shieh et al., 1997). In this regard, it is of note that
the deletion of the box 1 sequence in CD40 was found
Cell Linesto abolish the capacity of CD40 to induce expression
Human EBV-negative Burkitt B cells, BJAB, DNA-39, and Ramos,of CD23, ICAM-1, and LT-a genes, while Jak3 was
and EBV-positive Raji cells were obtained from Fujisaki Cell Center
proven to be dispensable for the CD40-mediated upreg- and were maintained in RPMI1640 (GIBCO) supplemented with 10%
ulation of these molecules (Hanissian and Geha, 1997; heat inactivated FCS (GIBCO).
Jabara et al., 1998). Therefore, Ku, which binds the box1
spanning region, may serve as a major regulator of CD23 Protein Microsequencing and Mass Spectrometry
transcription. Ku may be involved in the CD40-mediated Protein microsequencing and mass spectrometry were performed
as described elsewhere (Kondo and Kondo, 1992). In brief, 1 3 109upregulation of other molecules as well. Another possi-
BJAB cells were lysed on ice for 30 min in 1% Brij-97, 20 mM Hepesble role of Ku would be the control of B cell proliferation/
(pH 7.5), 150 mM NaCl, 1 mM Na3VO4, 50 mM NaF, 0.5 mM PMSF,survival, since DNA DSB repair and telomeric length
10 mg/ml leupeptin, and 1 mg/ml of each of the following protease
maintenance would be required for B cells that survive inhibitors: pepstatin A, chymostatin, and antipain. BJAB lysates
after the IL-4R/CD40 signal. Study of the survival as well were precleared with GST-beads and then incubated with GST-
as telomere shortening of B cells within germinal centers CD40IC beads. The precipitated protein was resolved in 9% SDS-
PAGE and stained with CBB. Each protein species (70 and 85 kDa)in Ku702/2 or Ku802/2 mice with a prerearranged Ig
separated by SDS-PAGE was digested with Staphylococcus V8 pro-transgene would be useful for addressing the issue. The
tease by an in-gel digestion method. Peptides extracted from gelmost important question would be whether Ku migrates
were separated by a C8 reverse phase column (Bakerbond, 0.4 3
into the nucleus and stimulates DNA end-joining to- 25 cm) with a linear gradient of 0%±60% CH3CN in 0.1% TFA for 1
gether with DNA-PKcs only when resting B cells receive hr. Each peptide fragment was analyzed with automated Edman
a signal that induces IgCS. Our study shows that mito- degradation method with a protein sequencer PPSQ-10 (Shimadzu,
Tokyo) and/or by electrospray ionization mass spectrometry (ESI-genic signal alone is insufficient for the nuclear expres-
MS) with API-III (Perkin-Elmer) for molecular weight determination.sion of Ku. Anti-CD40 stimulated B cells exhibited prolif-
erative capacity, were alive at the end of the 3 day
Antibodiesculture, and yet failed to express Ku in the nucleus.
Anti-CD40 mAb (G28-5), anti-CD40 mAb (626.1), anti-CD27 mAb,Significant nuclear Ku expression and augmented DNA-
and human anti-Ku antiserum (OM) were kindly provided by E. A.
PK activity observed only when primary B cells were Clark, S. M. Fu, T. Kobata, and T. Mimori, respectively. Anti-CD40
incubated in the IgCS-inducing conditions suggest that polyclonal antibody (C-20) was obtained from Santa Cruz. Anti-Ku70
mAb (clone N3H10), anti-Ku80 mAb (clone 111), and anti-DNA-PKcsKu plays some roles in IgCS.
mAb cocktail were from Kamiya Biomedical. Anti-CD95 mAb (ZB-4)In this paper, we have shown both physical and func-
was from MBL. Anti-phosphotyrosine mAb (4G10) was from Upstatetional interaction of Ku with CD40 in human B cells.
Biotechnology.There are several issues that remain to be resolved. The
answer to the question of whether the association site
Immunoprecipitation and Western Blotting
in CD40 is critical for the Ig switch recombination awaits Immunoprecipitation and Western blotting were carried out as de-
the generation/analysis of mice in which the membrane- scribed previously (Morio et al., 1995). In brief, cells were lysed in
proximal region of CD40 is deleted or study on switching the lysis buffer containing 1% Brij-97. Lysates were precleared and
then precipitated with indicated antibodies coupled to protein Gcapacity of a class-switching B cell line after deletion
Sepharose beads. When precipitated with GST fusion proteins, ly-of the membrane-proximal region of CD40. Determina-
sates were first precleared with GST alone before they were incu-tion of the CD40 binding site on Ku70/Ku80 will provide
bated with the indicated GST fusion proteins. The resultant immuno-
us with a clue on how Ku translocates into the nucleus, precipitates or protein complexes were subjected to SDS-PAGE,
detaches from CD40, and is involved in switch recombi- probed with indicated antiserum or mAb, and developed in an en-
nation. Further study will reveal the role of Ku in the hanced chemiluminescence system (NEN).
IL-4R/CD40-mediated events and will provide valuable
insight into the mechanism underlying IgCS. Purification of Ku Protein
Ku protein was purified to near homogeneity from Raji cell extracts
as described elsewhere (Yumoto et al., 1998). The purified Ku was
confirmed to be free of DNA.Experimental Procedures
DNA Constructs Cell Preparation and Culture
PB mononuclear cells (PBMC) were isolated as described previouslyThe cytoplasmic domain of human CD40 (amino acid residues 216
to 277 by definition of Stamenkovic et al.) was amplified from the (Nagasawa et al., 1997). B cells were obtained from the PBMC with
Dynabeads M-450 CD19 (Dynal), and the beads were detached fromcorresponding cDNA by PCR and ligated into the BamHI and EcoRI
restriction sites of pGEX-2TK vector (pGEX-2TK-CD40IC). The cyto- the B cells using DETACHaBEAD CD19 (Dynal). Greater than 98%
of the cells were positive for CD20, judging from FACS analysis. Forplasmic domain of CD27 was amplified from CD27cDNA (kindly
provided by Dr. B. Seed) and ligated into pGEX-2TK. The pGEX- isolation of T cells, PBMC not rosetted with anti-CD19 beads were
incubated again with anti-CD19 beads. The nonrosetted cells were2T-CD30IC construct was a kind gift from Dr. T. Watanebe. Constructs
of deletion mutants of CD40IC (amino acids 216±270, 216±259, 216± plated on FCS-coated dishes for 1 hr to remove adherent cells and
then incubated with leucine methyl ester hydrochloride (Sigma) to249, 216±239, 216±229, 230±277, and 222±277) were generated by
PCR and cloned into pGEX-2TK. One deletion mutant (del-222±229) eliminate monocytes and NK cells at a concentration of 5 mM,
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washed, and used for further experiments. T cell±rich population (T. M.) and from the Ministry of Education, Science, Sports, and
Culture of Japan (T. M., H. T., and J. Y.).consisted of .95% CD31 T cells, as determined by flow cytometry.
Thus-purified B cells (5 3 105 cells/ml/tube) were incubated in
RPMI1640 supplemented with FCS in the presence of 20 ng/ml of Received February 19, 1999; revised August 4, 1999.
human recombinant IL-4 (a kind gift from Dr. K. Moore), anti-CD40
mAb (G28-5, 1 mg/ml), or with IL-4 1 anti-CD40 mAb for the indicated References
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